The extensive hydrogen-bonding network of kingite is described for a specimen from Tom's Quarry, near Kapunda, South Australia. After deuteration, the triclinic structure was refined in space group P1, a 9.318(1), b 10.092(1), c 7.108(1) Å, ␣ 97.61(1), ␤ 100.56(1), ␥ 95.97(1)°, V 645.7(1) Å 3 , Z = 2. The formula of this modified specimen of kingite, refined using neutron powder-diffraction data, has been established as Al 3 (PO 4 ) 2 F 3 •7D 2 O. We were able to locate the three atoms of fluorine.
G12979) was selected for deuteration. This material was used by Wallwork et al. (2003) for the powder X-ray structure determination. The deuterated sample was prepared by warming a slurry of crushed kingite and D 2 O to ca. 40°C and stirring under an atmosphere of N 2 for seven days. The infrared spectra of the sample before and after D exchange are shown in Figure 1a and 1b. Note the shift in peaks from 3600-3000 cm -1 (Fig. 1a) to 2700-2200 cm -1 (Fig. 1b) . The former indicates an OH stretch, and the latter an OD stretch; thus exchange has occurred. There was no further change in the infrared spectrum when treatment was continued for a longer time.
Powder neutron-diffraction data were collected on the deuterated sample at the Australian Nuclear Science and Technology Organisation's HiFlux Accelerator Reactor (HiFAR). The sample was loaded into a vanadium canister 8 mm in diameter. Data were collected for eleven days at the wavelength of 1.9090(4) Å. The flux at the sample was 8 ϫ 10 4 n.cm -2 .s -1 , and the beam size was 20 ϫ 50 mm. Although good counting statistics were achieved, the data are still slightly affected by incoherent scattering due to the presence of some residual hydrogen.
STRUCTURE SOLUTION AND REFINEMENT
The coordinates of the atoms, other than hydrogen, from Wallwork et al. (2003) were used as the basis for calculating the locations of the deuterium atoms. Deuterium atoms were placed geometrically in positions consistent with hydrogen-bonding. Initially, all nonphosphate O sites were treated as potential O-D donor sites. This gave a model that provided for the stoichiometric possibilities ranging from Al 3 (PO 4 ) 2 (OD) 3 •7D 2 O to Al 3 (PO 4 ) 2 F 3 •7D 2 O. The neutron-scattering amplitude of deuterium, 0.667 ϫ 10 12 cm -1 (International Tables of X-Ray Crystallography 1974) was used throughout the refinement; no adjustment was made for the small amount of hydrogen present.
The structure was refined from the neutron-diffraction data by the Rietveld method (Rietveld 1969) , using the program GSAS (Larson & Von Dreele 1994) . We used GSAS, as it allows the application of soft constraints to bond distances. The basic topology of the structure was confirmed. It was noted, however, that three of the deuterium atoms refined to positions that were not realistic locations if left unconstrained (i.e., they moved too close to other atoms, such as Al). Attempts were made to restrain these atoms into chemically realistic sites, firstly, by constraining the length of the O-D bond concerned, and secondly by holding the displacement parameters (B) of those deuterium atoms at values consistent with those for the well-defined deuterium atoms in the structure, (e.g., ca. 3.2 Å 2 ), and their fractional coordinates were allowed to vary during the refinement. The first option caused the displacement INTRODUCTION Recently, Wallwork et al. (2003) reported a determination of the crystal structure of kingite, Al 3 (PO 4 ) 2 (F,OH) 2 •8(H 2 O,OH), from X-ray powder-diffraction data. The structure was found to contain finite strings of three corner-sharing Al 6 octahedra (where represents either O, OH -, F -or H 2 O) that are cross-linked via PO 4 tetrahedra to produce layers that are perpendicular to [100] . The layers are linked via hydrogen-bonding through H 2 O located in the interlayer space. This structural work led to revision of the formula of kingite from Al 3 (PO 4 ) 2 (OH) 3 •9(H 2 O,OH), reported by Norrish et al. (1957) , to Al 3 (PO 4 ) 2 (F,OH) 2 •8(H 2 O,OH).
However, several aspects of the crystal structure where left unresolved, in particular the nature of the Hbonding network and the locations of the F atoms. In order to fully characterize the crystal structure of kingite, we undertook a powder neutron-diffraction study of kingite using a deuterated sample.
EXPERIMENTAL METHODS
A sample of kingite from Tom's Quarry, near Kapunda, South Australia (South Australian Museum parameters to become very large, indicating that the sites of the D atoms were incorrect. Option two resulted in the D atoms again moving to positions near Al or O atoms. These three deuterium atoms were subsequently removed from the refinement, and the associated oxygen atoms were thereafter refined as fluorine atoms. By this means, it was confirmed that the bridging anions of the cluster of three corner-linked aluminum octahedra (F1 and F2 in the X-ray refinement) are indeed F atoms. The identity of O12 in the X-ray refinement was established as predominantly F, and is herein denoted F3. Note that the neutron-scattering amplitude of oxygen and fluorine are 0.575 ϫ 10 12 cm -1 and 0.57 ϫ 10 12 cm -1 (International Tables of X-Ray Crystallography 1974), respectively, thus interchange of these atoms has little impact on the calculated pattern. A greater effect is observed, however, through the presence or absence of spurious deuterium atoms. The chemical analyses undertaken by Wallwork et al. (2003) gave the composition of this specimen of kingite as Al 3.2 (PO 4 ) 2 (F 1.7 OH 0.3 )•7.5(H 2 O,OH). The formula, calculated on the basis of two PO 4 groups, accounts for only half the number of F atoms required to fully occupy the three F sites located in this refinement. This indicates that some of these sites are partially occupied by OH and that the protons were not replaced by deuterium during deuteration. This finding is consistent with some remnant OH absorption in the infrared spectrum shown in Figure 1b .
Constraints were applied to the structural model in order to impose some regularity on the aluminum-bearing octahedra and the phosphate tetrahedra. Oxygendeuterium distances were constrained to 1.00(2) Å, aluminum-oxygen, to 1.90(2) Å, aluminum-fluorine, to 1.80(2) Å and phosphorus-oxygen, to 1.52(2) Å. Removal of the constraints did not alter the overall topology of the structure other than to cause the loss of regularization of the polyhedra, and the residuals demonstrated a 10-15% improvement. One single displacement parameter was refined for each atom type (i.e., Al, O or F, P and D), and was refined in alternative cycles to the profile and background parameters. A summary of the refinement is presented in Table 1 . The final coordinates of the atoms are listed in Table 2 , and the structure of the deuterated kingite, including the D atoms, is presented in Figure 2 , with atom labels. The final difference neutron-diffraction pattern is shown in Figure 3 .
DESCRIPTION OF THE NETWORK OF HYDROGEN BONDS
The basic topology of the kingite structure is illustrated in Figures 4 and 5 . The structure consists of chains of three Al 6 octahedra (highlighted in Fig. 4) that are cross-linked by PO 4 tetrahedra, forming layers perpendicular to [100] . The layers, shown in Figure 5a , are linked by H-bonds, as indicated by interatomic distances between coordinated (F -, OD -and D 2 O) species. Two uncoordinated H 2 O molecules in the interlayer space are H-bonded to both adjoining layers (Fig. 5b) .
The Al-(O,F) distances in the Al 6 octahedra and phosphate groups are not significantly different from those reported by Wallwork et al. (2003) , and need not be further discussed. All of the non-phosphate O atoms (i.e. O4, O5, O9, O12, O13, O14, O15) are within a reasonable H-bonding distance of at least two potential Hbond acceptors, as shown in Table 3 . O4, O5 and O15 (via D14a, D4b, D5a and D14b, respectively), and O15 with O6, O13, O14 and F3 (via D15a, D13a, D14b and D15b, respectively) . Hydrogen-bonds about O14 range in length from 1.736(18) to 1.907(16) Å, and these about O15 range from 1.674(14) to 1.871(16) Å. Angles subtended at O14 and O15 by the hydrogen-bonding arrangement about each atom are given in Table 4 . These hydrogenbond lengths and angles are consistent with those reported for the coordination environment about H 2 O in hydrated inorganic structures (Ferraris & FranchiniAngela 1972) .
Atom O14 is the donor in a H-bond to one layer and also to O15; it is the acceptor in a further two H-bonds from the adjacent layer. Atom O15 is the donor in two hydrogen-bonds to one side of the aluminum phosphate layer, and it is also the acceptor of a H-bond from the other side, thereby linking successive layers; it is the acceptor of one hydrogen-bond from O14 (Fig. 5b) .
Further cross-linking of the layers occurs through deuterium atoms at O5 and O12 acting as hydrogenbond donors to F3. Atom (Fig. 5b) . These, with the covalent bond to Al3, form a distorted tetrahedron about F3 (Table 4 ). All other hydrogen-bonding (resulting from deuterium atoms on O4, O5, O9, O12 and O13 acting as bond donors) occurs within the aluminum phosphate layer. Atom O4 takes part in three H-bonds, two donating and one weak accepting bond [D9b...O4, 2.180 (17) Angles subtended at O, owing to their covalent bonds to aluminum and deuterium, are listed in Table 5 .
